Intracerebral hemorrhage remains a significant cause of morbidity and mortality. Current surgical therapies aim to use a minimally invasive approach to remove as much of the clot as possible without causing undue disruption to surrounding neural structures. Transcranial MR-guided focused ultrasound (MRgFUS) surgery is an emerging technology that permits a highly concentrated focal point of ultrasound energy to be deposited to a target deep within the brain without an incision or craniotomy. With appropriate ultrasound parameters it has been shown that MRgFUS can effectively liquefy large-volume blood clots through the human calvaria. In this review the authors discuss the rationale for using MRgFUS to noninvasively liquefy intracerebral hemorrhage (ICH), thereby permitting minimally invasive aspiration of the liquefied clot via a small drainage tube. The mechanism of action of MRgFUS sonothrombolysis; current investigational work with in vitro, in vivo, and cadaveric models of ICH; and the potential clinical application of this disruptive technology for the treatment of ICH are discussed. 
1

©AANS, 2013
I ntracerebral hemorrhage accounts for 10%-15% of the approximately 15 million strokes that occur worldwide every year. The annual incidence is 10-30 per 100,000 and is the cause of significant morbidity and mortality. 20, 34, 35, 40 The 30-day mortality rate is on the order of 35%-52%, with half of those deaths occurring in the first 2 days. 4 The neurological deficit caused by ICH is multifactorial. The mass effect from the clot causes mechanical disruption of brain tissue and an increase in intracranial pressure. There is surrounding edema with associated decreased cerebral blood flow, as well as release of toxic metabolites and free radical generation from breakdown of blood products. Ischemia ensues, cell metabolism breaks down, and cells swell and die, resulting in further neurological deficit after the initial insult.
The clot volume and clinical status of the patient has clearly been shown to be a valuable predictor of outcome. Broderick et al. 1 demonstrated that hemorrhage volume (0-29 cm 3 , 30-60 cm 3 , and 61 cm 3 or more), calculated by an ellipsoid method (4/3 × pabc, where a, b, and c are the 3 dimensions of the clot) and 2 categories of the Glasgow Coma Scale score (9 or more and 8 or less), 30-day mortality could be predicted. Hemorrhage volume of 60 cm 3 or more on the initial CT scan and a Glasgow Coma Scale score of 8 or less had a predicted 30-day mortality of 91%. Patients with a volume of less than 30 cm 3 and a Glasgow Coma Scale score of 9 or more had a predicted 30-day mortality of 19%.
Clinical symptoms can worsen due to hematoma enlargement and edema. Hematoma enlargement generally occurs within 12 hours after symptom onset, most frequently during the first 3 hours. 2, 19 Perihematomal edema peaks around 5-6 days after hemorrhage and lasts up to 14 days. Most (about 75% by volume) of the perihematomal edema occurs in the first 24 hours.
3,10,15 A large edema volume has been found to be the greatest contributor to worse clinical outcomes. 11 Decreasing this edema volume as soon as possible is the basis for early intervention to remove the ICH. 24, 25, 33 Further rationale for removal of the ICH is that if the ICH is large in addition to significant edema, the intracranial pressure will be high. As a result the cerebral perfusion pressure is compromised leading to ischemia, particularly in watershed zones due to decreased perfusion. This increases neurological injury further by enlarging the area of cell death.
Transcranial MR-guided focused ultrasound sonothrombolysis in the treatment of intracerebral hemorrhage
The Need for Minimally Invasive Therapies
The role of surgical intervention for the treatment of spontaneous ICH is unclear. Current management generally consists of supportive care with reversal of coagulopathy, management of hypertension, and placement of an external ventricular drain in patients with hydrocephalus. Results of the STICH (International Surgical Trial in Intracerebral Haemorrhage) demonstrated no benefit in surgical evacuation versus conservative management. 24 Subgroup analysis of the 223 patients with lobar ICH and no IVH demonstrated a trend toward improved outcome with early surgery; however, the study was not powered sufficiently to delineate this finding clearly. 24 A metaanalysis of 12 prospective randomized controlled trials was performed by Mendelow et al. 25 Their results demonstrated improved outcomes for surgery performed for lobar hemorrhage in terms of both death (OR 0.8, 95% CI 0.71-1.02) and death and severe disability (OR 0.86, 95% CI 0.72-1.03). Current studies are underway to further delineate which patients will benefit from certain procedures. STICH II will investigate if surgery benefits patients with lobar ICH with clots that reach 1 cm of the cortical surface. Similarly, IVH with clot size no greater than 30 ml is being investigated by the CLEAR-IVH (Clot Lysis Evaluating Accelerated Resolution of IVH) trial. 30 Minimally invasive clot evacuation surgery for ICH with the goal of minimal brain disruption has been described. 26 The use of tPA to accelerate clot dissolution has also been performed and shows increased rates of clot reduction compared with controls. The authors concluded in this preliminary report that there was a tentative indication that minimally invasive surgery plus recombinant tPA showed improved clot resolution versus traditional conservative management. 31 The MISTIE II (Minimally Invasive Surgery plus tPA for Intracranial Hemorrhage Evacuation) trial conducted from 2006 to 2011 examined the use of recombinant tPA combined with minimally invasive surgery. Preliminary results were presented at the International Stroke Conference in New Orleans in February 2012 (http://braininjuryoutcomes.com/studies/mistie/ entry/mistie/international-stroke-conference-2012-mistiephase-2-results). The findings demonstrated a trend toward improved outcomes in patients treated, particularly if more hematoma was removed. Careful placement of the aspiration catheter along the long axis of the clot was noted to be an important factor in clot evacuation. A Phase III study (MISTIE III) is currently being designed with sufficient power to determine which patients will benefit the most from this technique.
Clot lysis combined with tPA has been shown to have increased efficiency when combined with ultrasound. New ell et al. 33 used the EKOS ultrasound device in combination with a standard drainage catheter and tPA. Recombinant tPA was delivered directly into spontaneous ICH or IVH in 9 patients. A ventricular drainage catheter and the EKOS catheter were stereotactically implanted in the clot, and recombinant tPA and ultrasound were delivered for 24 hours. The mean percentage in volume reduction after 24 hours of therapy was 59% for ICH and 45% for IVH. Clinical improvements were seen in 7 of 9 patients, with 1 death within 30 days. 33 
Background of Transcranial MRgFUS
The overall principle of MRgFUS therapy is combining 2 innovative technologies: the highly detailed images from MRI, and the therapeutic capabilities afforded by modern phased-array ultrasound transducers. The history and development of transcranial MRgFUS as a treatment modality has been published previously. 16, 23 The basic principle is that a large number of ultrasound beams pass harmlessly through the brain where they eventually focus accurately onto a therapeutic target, with the ultrasound energy combining to create a dramatic effect at the target. Cooled, degassed water circulates around the patient's scalp and is kept in place by a diaphragm placed around the patient's head to keep the water in. This allows ultrasound passage from the transducer to the patient. Depending on the ultrasound parameters delivered, a wide range of therapeutic effects can be achieved-from thermal ablation 7, 18 and sonothrombolysis 29 to temporary opening the blood-brain barrier for the targeted delivery of chemotherapeutics. 22, 42 Initially the defocusing effect of the irregular thickness of the skull bone prevented treatment of intracranial lesions through an intact skull. For this reason, in the first human clinical trials a craniectomy was performed to create an acoustic window. 12, 36 In light of this Ram et al. 36 treated patients with glioblastoma via a craniectomy window. Low-frequency phased array transducers and phase correction based on CT scanning of the skull have provided solutions to the problems posed by the skull.
14,41 A clinical trial for the transcranial treatment of patients with high-grade gliomas is ongoing in Boston. 13 A similar system was used in Zurich in which 10 patients were treated transcranially with thalamotomies for chronic pain. 21, 32 Elias et al. 7 from the University of Virginia have treated patients with essential tremor using the transcranial system with encouraging results. Similarly, Jeanmonod et al. 17 have used MRgFUS in patients with Parkinson disease with a similar system and have achieved tremor control without any significant adverse events. Multicenter clinical trials using MRgFUS for metastatic brain tumors and glioblastoma are ongoing.
Sonothrombolysis-Mechanism of Action
Until now, transcranial MRgFUS use in patients has used thermal ablation by tuning a transcranial system (InSightec Neuro 650 kHz) to deliberately heat tissue at the focal point. 7, 17, 18 In the setting of ultrasound sonothrombolysis for ICH, increasing temperature is unwanted. The role of heat increasing the rate of sonothrombolysis with focused ultrasound has not been shown to be significant, and the process is largely mechanical rather than thermal. 8, 39 In the case of sonothrombolysis with fibrinolytic adjuncts such as tPA, microstreaming occurs with stable cavitation (oscillation in the size of microbubbles undergoing ultrasound delivery). This effect was used in the patients treated by Newell et al. 33 using the EKOS ultrasound device and tPA. This process facilitates the passage of fibrinolytic through the clot, thereby acting on a fibrin network that is already under mechanical stress from the ultrasound energy. This synergistic effect improves the efficiency of the lysis process. 5, 9 In the setting of sonothrombolysis without fibrinolytics, inertial cavitation (oscillation is the size of microbubbles undergoing ultrasound delivery with subsequent violent collapse) is believed to be the major contributor to clot lysis. This process occurs with less control and predictability, with potential for inertial cavitation at sites distant to the target, thereby raising safety concerns. 38 After MRgFUS sonothrombolysis, the thin lysate is the color of motor oil and never reclots. Analysis of the lysate appears benign.
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Current State of Experimental Data
Initial studies by Harnof et al. showed that it was possible to use the transcranial MRgFUS system to liquefy clotted blood through an explanted human skull under MRI guidance (Fig. 1A and B (Fig. 1C and D) . Ultrasound parameter optimization using a 230-kHz 1024-element hemispheric phased array system was performed using human blood clots and an explanted human calvaria.
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The accuracy of the system is demonstrated in Fig. 2 , with predictable volumes of lysis created in large-volume blood clots through an ex vivo human skull at locations delineated by the treatment plan. Increased T2 signal on MRI clearly demonstrates areas of lysis (Fig. 2) . 6 Largevolume intraventricular/intracerebral hemorrhages were subsequently created in cadavers, and transcranial noninvasive MRgFUS lysis was performed with precision accuracy (Fig. 3 ) (ultrasound parameters: frequency 230 kHz, 3950 W, 30 seconds, 1-kHz pulse repetition rate, 10% duty cycle). 29 Liquefied clots in the cadaveric studies were able to be easily aspirated using a minimally invasive aspiration technique (1-cm incision, twist drill craniostomy hole, 2.1-mm aspiration tube) under MRI guidance, resulting in minimal residual ICH on postoperative imaging (Fig.  4) . 29 In vivo studies in swine with and without implanted ICH demonstrated the ultrasound process to be safe. Of note there was no damage to the brain surrounding the sonicated ICH, and there was no permanent blood-brain barrier disruption on Gd-enhanced MRI or on histology after injection of Evans blue dye. There was no evidence of thermal necrosis on T2-weighted imaging or FLAIR MRI (immediate or 48 hours posttreatment) or on histology (Fig. 5) . 29 Because the ultrasound device parameters can be modified with the system's computer software during the procedure without moving the patient or the ultrasound transducer, there is the possibility of multimodal treatment of ICH/IVH using MRgFUS. For example, in the case of a casted ventricle, an MRgFUS cavitary lesion could be deliberately created in the septum pellucidum to enhance CSF circulation between the lateral ventricles, enhance clot dissolution, and improve hydrocephalus. In addition, treating hydrocephalus from an IVH via an incisionless third ventriculostomy or fenestration of the lamina terminalis may be possible due to the MR-guided accuracy and rapid energy drop achieved with MRgFUS. Thus far such procedures have been performed in cadaveric feasibility studies but may be of added utility in the future. 28 
MRgFUS Treatment of ICH
MRgFUS sonothrombolysis may facilitate a highly controlled, minimally invasive method to remove an ICH. The procedure can be performed in one sitting with immediate aspiration of the lysate, thereby removing the requirement for indwelling catheters or tubes in the brain that may harbor complications such as infection, malfunction, or breakage. 33 There is no requirement for tPA, which may worsen edema. 37 The risk of hemorrhage down the catheter tract is also decreased if no tPA is needed. The lack of tPA may make the procedure safer because with tPA the distribution of the lytic drug is less controlled and may lead to rebleeding at the site of the ICH. 31 The targeting of MRgFUS is extremely precise, 32 and intraoperative MRI provides real-time feedback on clot lysis as demonstrated by increased T2-weighted signal change.
6 Ongoing monitoring with MRI as the lysis process progresses gives the surgeon the ability to determine when to stop and perform the aspiration procedure. One of the issues with current catheter-based approaches is that the catheter needs to be placed along the axis of the clot for maximal dissolution. 31 It may be difficult or impossible to get the perfect trajectory through the long axis of the clot, without passing the catheter through critical structures. The shape of the clot is not of concern using the MRgFUS technique as the clot can be targeted using a precise treatment plan. Due to the minimally invasive nature of the procedure, repeated or staged transcranial sonothrombolysis procedures could be performed if required.
The high initial setup cost for the MRgFUS system and associated 3-T MRI scanner may be prohibitive; how- ever, it is likely the focused ultrasound system would be purchased for use with other neurosurgical applications in mind and not specifically for ICH. When not in use the MRI scanner can be used as a regular diagnostic device. Currently, additional staff members are required to support treatments with the MRgFUS system (ultrasound engineer and MRI technician). There is a need to shave the head, although this problem may be overcome with technical advances or the use of ultrasound compatible liquids/gels. The current treatment envelope of the transducer means that clots within approximately 2 cm to the skull surface are unable to be targeted due to current beam steering limitations.
The design of a clinical trial to test the feasibility and safety using MRgFUS for the treatment of ICH is currently underway. The patients most likely to benefit from MRgFUS treatment will only be determined from experience with a clinical trial; however, it is likely that patients with deep, central hemorrhages or IVH may benefit most as these lesions are in the sweet spot for the transducer and require less electrical steering of the ultrasound waves and therefore lysis efficiency is optimized. In terms of workflow, ideally a patient with ICH is diagnosed in the emergency department after routine CT scanning. The patient is transferred to the MRgFUS suite for immediate incisionless MRgFUS sonothrombolysis followed by MRguided aspiration using a small aspiration catheter and a minimal incision. Intraoperative and postoperative MRI demonstrates the degree of clot removal and evidence of potential complications.
Conclusions
MRgFUS sonothrombolysis for ICH is a technique in its infancy, and as such there are subtleties in the technical aspects that can only be learned with experience. This necessitates having neurosurgeons who are experienced in transcranial focused ultrasound therapy so that they are able to recognize potential complications from the focused ultrasound procedure and perform traditional emergency neurosurgical procedures if the situation requires it. A collaborative effort, from industry, neurosurgeons, radiologists, anesthesiologists, and support staff, is essential to push this potentially disruptive technology forward. Minimally invasive treatment of ICH with MRgFUS has been demonstrated with efficacy and safety in laboratory and in vivo models of ICH. The next step is evaluating the potential of this technique in the setting of a pilot clinical trial.
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